Abstract. The method of phasing broadband Fourier transform ion cyclotron resonance (FT-ICR) spectra allows plotting the spectra in the absorption-mode; this new approach significantly improves the quality of the data at no extra cost. Herein, an internal calibration method for calculating the phase function has been developed and successfully applied to the top-down spectra of modified proteins, where the peak intensities vary by 100×. The result shows that the use of absorption-mode spectra allows more peaks to be discerned within the recorded data, and this can reveal much greater information about the protein and modifications under investigation. In addition, noise and harmonic peaks can be assigned immediately in the absorption-mode.
Introduction
F ourier transform ion cyclotron resonance (FT-ICR) mass spectrometry is used extensively in the field of proteomics, metabolomics, and petroleomics because of its superior mass resolving power, accuracy, and comparable sensitivity [1, 2] . Furthermore, its compatibility with different fragmentation methods makes FT-ICR ideal for tandem mass spectrometric analysis of large biological molecules [3] [4] [5] . The quality of a spectrum is the key for data interpretation, and in real experiments, not all protein fragments provide a sufficient number of detectable multiple charge states for classic "deconvolution" [6] . Furthermore, mass spectra from FT instruments often contain harmonic and noise peaks, which lead to false results in the interpretation of complex spectra [7, 8] . Therefore, any method which could increase the number of detectable peaks and identify any artificial peaks in a spectrum would be of great benefit in the study of complex samples.
Recently, different methods have been developed for phase-correcting FT-ICR spectra, allowing the spectra to be displayed in the absorption-mode. The method by Xian et al. uses a detailed model of the excitation pulse from each experiment [9] . Unfortunately, commercial instruments do not record these data in a sufficiently accurate way, and additionally, interference from the image charge effect or other field inhomogeneities introducing space charge can also affect the accuracy of the phase function [10] . Another method by Qi et al. uses quadratic least-squares fit and iteration to form a phase function for spectra without prior knowledge of the instrument pulse program [11] ; this method only requires the raw transient and signal acquisition rate, and allows phase correction to be largely automated for broad application [10] .
As noted in previous publications, compared with the conventional magnitude-mode presentation of spectra, the absorption-mode offers improvements in both the resolving power and the signal-to-noise ratio (S/N) of Electronic supplementary material The online version of this article (doi:10.1007/s13361-013-0600-6) contains supplementary material, which is available to authorized users.
Correspondence to: Peter O'Connor; e-mail: p.oconnor@warwick.ac.uk spectra: (1) the resolving power improves approximately by a factor of √3-2×, depending on the damping of the transient [12] ; (2) the S/N increases by a factor of √2×, as phase correction aligns the data points (vectors) with the real axis of the complex space so that the values of the imaginary part become zero [13] ; (3) the correlation between the intensities of the fine-structure isotopic peaks compared with their theoretical intensities improves by over 2× [14] . Apart from this, recent research shows that the artificial peaks in the spectrum (from harmonics or radio-frequency interference) can be easily distinguished in absorption-mode spectra, as these peaks do not phase correctly. Furthermore, use of a halfwindow apodization function retains the most intense signal at the beginning of the transient so that the absorption-mode signal will not be over-suppressed as often occurs in the magnitude-mode (see below). Given the combined effect of all the factors described above, the overall 'quality' of an absorption-mode spectrum can be improved by much more than 2× over the equivalent magnitude-mode. By using the absorption-mode spectrum, it is possible to make many new peak assignments, which could not be found using the magnitudemode spectrum of the same data.
Previously, most demonstrations on absorption-mode spectra have used petroleum data where the m/z is below 1000 because calculation of the phase function initially requires a spectrum with a sufficient peak density across the entire mass range of interest (e.g., petroleum spectra) [9, 13] . This phase function could then be applied to other low peak density spectra (e.g., protein spectra) in order to allow them to be displayed in absorption-mode. This approach is akin to external mass calibration in difficulty. In this study, a method for performing internal phase correction has been investigated, where the phase function is derived using ions of cesium perfluoroheptanoic acetate (CsPFHA), added into other samples as an internal calibrant. This paper provides the first examples for phase correction of top-down spectra, ranging from small peptides (bombesin, digested collagen) to large proteins (calmodulin, hemoglobin tetramer), as well as a MS 3 spectrum of β2 microglobulin acquired from a different research laboratory. In these examples, the absorption-mode spectra display a significant number of additional low S/N and high m/z peaks, which were previously undetectable in the baseline, and so reveal much more information that was not apparent in the magnitude-mode spectra. Besides this, it is proven that the phase-correction method can be applied to FT-ICR spectra worldwide, regardless of the experimental conditions and instrument parameters on which the spectrum was recorded, because this method is a postprocess procedure requiring only the raw transient and acquisition rate, and to promote its application, an Autophaser program [10] will be available soon from our group.
Experimental
Sample Description C ol l a g e n, bo m be s i n , c a l m od u l i n , h em o gl o bi n , β 2 microglobulin, trypsin, cesium iodide, and perfluoroheptanoic acid were purchased from Sigma Aldrich (Gillingham, UK); the crude oil standard (SRM 2721, light-sour) was purchased from NIST (Gaithersburg, MD, USA). The hemoglobin powder was diluted to 5 uM in 100 mM ammonium acetate (pH 6.8) for native state spectrum without desalting. Preparation of other samples can be found in previous publications [13, [15] [16] [17] [18] [19] . The CsPFHA clusters (m/z up to 8000) were prepared according to the literature [20] . In order to generate sufficient peaks in the high m/z range for the calculation of phase function, CsPFHA ions were added to each experiment by dualelectrospray to reduce the matrix effect [21] .
Data Processing
All spectra were recorded using a solariX 12 T FT-ICR mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany), equipped with an Infinity cell [22] . Three hundred individual transients (2.3 s) of hemoglobin were collected and coadded; 40−300 individual transients (1.7 s) for bombesin, collagen, calmodulin, and microglobulin were collected and co-added. The acquired transients were then apodized by either a full Hanning for magnitude-mode [23] or a half Hanning for absorption-mode [24] (see Supplemental Information, Figure S1 ) without any truncation of the signal, then zero-filled twice, and fast Fourier transformed in MatLab R2010a (MathWorks, Natick, MA, USA). The phase function was calculated utilizing the CsPFHA peaks across the entire spectrum. The preprocessed data sets were then written in Xmass format with appropriate parameters based on the data, and loaded into Bruker DataAnalysis software for peak detection and spectral interpretation [13] .
Results and Discussion

Detecting the Harmonics and Other Artefacts
Second, third, and higher harmonic peaks are common artefacts which always exist in FT-based mass spectrometer (e.g., FT-ICR, Orbitrap, and ion trap instruments). In FT-ICR, odd harmonics are mostly generated by nonsinusoidal image current from finite size detection electrodes, whereas even harmonics are generated by non-zero magnetron radius or imbalance in the detection amplifiers [8] . In addition to harmonics, imperfect electronics (e.g., imbalance of the amplifiers, overloading the analog-to-digital converter, radio-frequency interference) can also result in artefact peaks in the recorded spectrum [7] . These artificial peaks contain no chemical information but can greatly complicate the task of data interpretation, especially when the spectrum is complex. Figure 1 (left inset) expands the third harmonic region in a top-down tandem mass spectrum of calmodulin bound with cisplatin; in the conventional magnitude-mode, the harmonics appear like a typical protein isotopic distributions. Generally, identifying the harmonics requires correlation of the peaks to higher m/z primary signals, which is easily done in simple spectra but can be challenging for complex spectra. Here, in the absorption-mode, any artefacts can be directly recognized by the anomalous phase variation because they cannot be phased properly using the correct phase function. Therefore, by plotting the spectrum in the absorptionmode, any artefacts can be easily recognized, which facilitates data interpretation. Apart from this, it is interesting to note that the absorption-mode spectrum shows an oscillation at the baseline ( Figure 1b) ; such oscillation is caused by two different sources: (1) a low periodic frequency oscillation (known as baseline roll) [25] , and (2) distortion near signal peaks proportional to signal magnitude (known as Sinc function deviations) [12] . However, such baseline distortion can be removed or ameliorated by post-processing [10, 25] .
Effects of Apodization
The Fourier transform of a damped, finite, periodic signal will generate tails on the peak which vary in intensity based on the damping mode of the transient, and these tails can interfere with low-intensity peaks nearby. Therefore, the time-domain transient is multiplied by a window function prior to Fourier transform in order to smooth the peak shape and minimize the sideband intensities (see Supplementary Information, Figure S1 ) [8] . This procedure is called "apodization;" an optimal window function removes the sidebands at a cost of S/N and resolving power. However, the effect of apodization is dependent on the ratio of sample acquisition time and its damping constant (T/τ), which varies significantly from spectrum to spectrum. The effect of full-window versus half-window apodization functions is fully discussed in the Supplementary Information, but generally the half-window apodization is best for absorptionmode, whereas a full window is useful for magnitudemode. Furthermore, use of a full-window apodization function with the absorption-mode suppresses the signal at the beginning of the transient, and generates artificial negative intensity sidebands on both sides of the peak, which greatly distort the spectrum (details in Supplementary Information). Figure 2 shows a particularly difficult case involving the low charge states of intact hemoglobin (Hb, 65 kDa) by applying different window functions. Hb is an assembly of four subunits, each subunit is associated with a heme group, and thus allows study of noncovalent bond interactions [26] . During the experiment, the Hb powder was dissolved in ammonium acetate without desalting to deliberately complicate the spectrum, and a 2.3 s transient was recorded with the corresponding m/z spectra showing the peaks of Hb tetramer. As is seen in Figure 2 , the distribution of each charge state was broadened significantly, as the presence of salts in the sample reduced the overall molecular ion abundances and distributed the signal of each charge state into many adducted forms (m/z 3800-4400). Because of the high mass and low charge for the adduct form, only FT-ICR offers sufficient performance to resolve the isotopic peaks. In the unapodized magnitude-mode (Figure 2c ), peaks are partially overlapped, but they can be resolved and their charge states can be assigned; however, the use of apodization greatly decreases the resolution. When the same spectrum is plotted in the absorption-mode, the isotopes are almost resolved at the baseline, and there is no significant change in the unapodized and half-window apodized spectra. Furthermore, a surprising effect was observed when the full-window function was applied. In the magnitude-mode shown in Figure 2e , the isotopic peaks become unresolved. From Figure 2a , it is clear that the first beat pattern of the Hb tetramer appears within 0.01 s, which is the most intense part of the transient, and the second one appears at~1.4 s (the period agrees with the theoretical calculation). Consequently, a full-window function zeros the signal at the beginning of the transient; such suppression effect is expected to vary with the ratio of T/τ. In certain cases, as is shown here, the full-window function seriously degrades the performance of the spectrum because the S/N and resolution are significantly reduced. Therefore, in Figure 2h , when the same phase correction was applied in the absorption-mode, the peaks were completely distorted. In summary, while lack of apodization is preferred, if apodization is needed for improvement of sidebands and peak shape for centroiding algorithms, a half-window function is recommended for the absorption-mode spectrum.
Application to Modified Peptides and Proteins
For MS/MS spectra of peptides, owing to the low mass and charge state, the resolution of the 12 T instrument is sufficient to separate the individual isotopic peaks so that most fragments from inter-residue bond cleavage can be confirmed in top-down spectrum; however, in some cases, S/N is insufficient. When the peptides bind to the metallodrugs, the anomalous isotopic pattern of the metal ion tends to distribute signal of the original peaks into different modified forms, thus reducing the overall ion abundances and shifting the m/z of all peaks.
Organometallic Ru complexes have been investigated as a potent anticancer agent [27] , and FT-ICR studies have provided insights into its preferred binding sites on proteins. As shown in Figure 3a and b, the ECD spectrum of Ru bound to bombesin yielded almost all the inter-residue bond cleavages. However, the S/N of a Ru-modified bombesin are much lower than in the corresponding unmodified spectrum because of the broad isotope distribution of Ru, and additionally, the electrons are captured much more easily by metal ions, which reduces the probability of ECD cleavage on the peptide backbone. By presenting the spectrum in absorptionmode, the S/N and isotope distributions were improved, and four new Ru-modified fragments were observed that were not detected previously in the magnitude-mode (Figure 3b ). The benefits of this spectral improvement can also be seen in the analysis of digested collagen. In magnitudemode, 57 c/z fragments could be assigned [15] , accounting for 24 inter-residue bond cleavages (four prolines in the sequence cannot be cleaved via ECD). As is shown in Figure 4a and b, the same fragments were also observed in the absorption-mode, but with a much smoother isotope distribution. Furthermore, seven new fragments were detected, which were previously hidden in the noise in magnitude-mode (note that the misalignment of peaks with the simulation is caused by hydrogen transfer between the c′ and z• ions) [28, 29] .
Investigating PTMs of large biological macromolecules is one of the most significant challenges facing MS analysis. Deamidation is, perhaps, the most common PTMs in proteins, which produces a mixture of asparagine (Asn), aspartic acid (Asp), and isoaspartic acid. Asn deamidation results in a 0.984 Da mass shift, which is very close to the 13 C isotope of the unmodified form, which means there is only a 0.019 Da difference between the Asn and Asp isotopes [30] . Therefore, determining the extent of deamidation in a protein requires sufficient mass resolving power to separate the individual isotopic peaks. For example, Figure 5 shows an ECD spectrum (MS 3 ) on the b 63 9+ fragment formed by CAD of β2 microglobulin; this spectrum was acquired by Yu et al. from Boston University on their 12 T FT-ICR mass spectrometer. 19 The inset on the right is the expansion of the c 25 4+ fragment to show the detailed peak splitting. For a 4 + charge segment, the Δm/z of Asn and Asp isotopes is~0.0048, which is barely discernible in the magnitude-mode; by comparison, these peaks are clearly resolved in the absorptionmode because of the extra resolving power provided by phasing. The result not only shows a better peak separation but also illustrates that the phase correction method can be applied to the spectra acquired from different instruments without knowing precise details on experimental parameters. 
Conclusion
The absorption-mode spectra presented here represent a significant step towards improving the data quality of topdown spectra from modified protein at no extra cost. Phasing can be applied to petroleum, peptide, or protein transient without prior knowledge of instrumental conditions, and results in significant improvement in spectral qualities in terms of resolution, S/N, and mass accuracy. Phasing also allows immediate assignment of harmonics and noise peaks as they show an anomalous phase signature.
